Epidemiological studies link fructose consumption with metabolic disease, an association attributable in part to fructose mediated lipogenesis. The mechanisms governing fructose-induced lipogenesis and disease remain debated. Acutely, fructose increases de novo lipogenesis through the efficient and uninhibited action of Ketohexokinase and Aldolase B, which yields substrates for fatty-acid synthesis. Chronic fructose consumption further enhances the capacity for hepatic fructose metabolism via activation of several key transcription factors (i.e. SREBP1c and ChREBP), which augment expression of lipogenic enzymes, increasing lipogenesis, further compounding hypertriglyceridemia, and hepatic steatosis. Hepatic insulin resistance develops from diacylglycerol-PKCε mediated impairment of insulin signaling and possibly additional mechanisms. Initiatives that decrease fructose consumption and therapies that block fructose mediated lipogenesis are needed to avert future metabolic pandemics.
Introduction
We find ourselves in the midst of a health epidemic that is assuredly linked to our modern lifestyle. Yet we are unable to pinpoint the precise causes and avoid the ominous consequences. Over two thirds of American adults are considered overweight or obese (and 1 in 20 are considered to be extremely obese) [1] . Alarmingly, nearly a third of American children are also overweight or obese [1] . The outlook is even darker when considering the rising prevalence of obesity-associated conditions, such as type 2 diabetes, nonalcoholic fatty liver disease and atherosclerosis. Though this epidemic is multifactorial, sugar consumption is often posited as a key contributor to the obesity epidemic and associated cardiometabolic disease. Certainly, ecological data show temporal associations between increased total sugar consumption, increased use of high-fructose corn syrup (HFCS), and the obesity epidemic [2] . The fructose component of sugar sweeteners (nearly equivalent in sucrose and HFCS) is considered a singularly harmful macronutrient. In particular, increased consumption of fructose, a more lipogenic sugar, has been suggested to lead to obesity, hyperlipidemeia and insulin resistance, key risk factors for common conditions including type 2 diabetes, nonalcoholic fatty liver disease and cardiovascular disease [3] . Sugarsweetened beverages (SSBs) are the highest single contributor to dietary fructose intake in the US diet and are a reasonable proxy for sugar and fructose consumption in epidemiological studies [4] . Observational studies performed in the Framingham cohort have found that daily consumption of SSBs are linked to increased visceral adiposity, hypertriglyceridemia, non-alcoholic fatty liver disease, and insulin resistance [5] [6] [7] . This review will focus on the biology of fructose. Specifically, we will consider the effects of fructose on metabolic health, how fructose is metabolized distinctly from glucose, and the impact of fructose metabolism on cellular signaling pathways, nutrient storage, and insulin action.
High fructose consumption rapidly impacts metabolism
Short-term studies lasting several weeks and using high-doses of fructose have supported the causal relationship between high-fructose consumption, obesity and cardiometabolic disease suggested by ecological and epidemiological data. Stanhope et al. performed a comprehensive set of studies in overweight and obese individuals receiving 25% of their daily caloric intake as either a glucose sweetened beverage or fructose sweetened beverage [8] . Though both groups experienced similar weight gain over the 10-weeks of feeding, the metabolic impact was markedly different. First, the fructose supplemented group had a greater increase in intra-abdominal adipose mass. Second, consuming fructose, but not glucose containing beverages, increased post-prandial plasma triglyceride concentrations (in as early as two weeks). This occurred in association with increased de novo lipogenesis.
Moreover, fructose consumption increased both fasting glucose and insulin concentrations and worsened glucose tolerance.
The rapidity with which excessive dietary fructose consumption exerts adverse metabolic effects is striking. Schwarz et al. demonstrated that de novo lipogenesis was ~60% higher in healthy men fed an isocaloric, high-fructose diet (25% calories) for nine days relative to when the subjects ate a complex carbohydrate diet [9] . Le et al. compared normoglycemic, lean, insulin sensitive individuals with normoglycemic and lean, but insulin resistant offspring of patients with T2DM before and after 7 days of a hypercaloric diet in which an additional 35% of their calories were derived from fructose [10] . Both groups of patients had similar increases in VLDL triglyceride, intrahepatic and intramyocellular lipid content associated with a reduction in hepatic insulin sensitivity. The increase in VLDL was markedly higher in the offspring of patients with T2DM, suggesting that insulin resistance enhances the pathogenicity of fructose. Even within 24 hours, Teff et al., observed that fructose sweetened beverages increased plasma triglycerides relative to glucose sweetened beverages in obese men and women [11] . In this cohort, the presence of pre-existing insulin resistance further exacerbated fructose-induced hypertriglyceridemia. Thus, short term exposure to large doses of fructose can acutely and robustly impact glucose and lipid metabolism, and insulin resistance may potentiate sugar-induced hypertriglyceridemia.
Metabolic effects of typical dietary sugar consumption
Some question the public health relevance of these short-term, mechanistic studies, as the fructose doses greatly exceed typical quantities consumed by most people. For instance, Stanhope et al. studied subjects receiving 25% calories from glucose, fructose or HFCS [12] , whereas in the US, fructose consumption on average accounts for ~10% of consumed calories or 50-60 grams / day [4] . Recent studies have sought to determine whether "typical" doses of sugar or fructose might regulate traits associated with cardiometabolic disease. Young, non-obese subjects were prospectively assigned to isocaloric diets in which they would receive 0, 10, 17.5 or 25% calories from high-fructose corn syrup (~ 4.5, 7.9 and 11% from fructose) for ~ 2 weeks. There were dose dependent increases in weight gain and serum lipid concentrations, suggesting that even low doses of fructose (akin to what many consume) have detrimental health consequences [13] . Additional studies have been conducted to determine whether commonly ingested amounts of fructose or sucrose can acutely regulate pathophysiological processes implicated in the development of metabolic disease and cardiac risk factors. Theytaz and colleagues gave non-obese, young human subjects a single meal that contained ~30gm of fructose (or ~7.5% of a daily caloric requirement) and demonstrated increases in both chylomicron and VLDL triglyceride concentrations several hours after the test meal [14] . Thus, fructose exposures that better mirror typical consumption still promote lipogenesis and hyperlipidemia. Longer-term prospective studies are required to establish the full health impact of "modestly" increased sugar or fructose consumption.
Biochemistry of fructose metabolism
Fructose is transported into cells via GLUT5, a specific fructose transporter highly expressed along the brush border of in the small intestine, and GLUT2 [15] , a transporter for both glucose and fructose expressed in the liver, small intestine (along the basolateral membrane) and pancreas. The majority of ingested fructose passes via the portal circulation to the liver where it is rapidly cleared. Very little of this escapes the liver first-pass, limiting peak peripheral fructose levels to high micromolar or low millimolar concentrations [11, 16] . Intracellularly, fructose is rapidly phosphorylated by Ketohexokinase (KHK) into fructose 1-phosphate (F1P) (Figure 1 ). F1P is subsequently cleaved by Aldolase B (Aldob) into glyceraldehyde and dihydoxyacetone phosphate (DHAP). Glyceraldehyde requires an additional phosphorylation by a triose kinase likely dihydroxyacetone kinase 2 (DAK), a mammalian homologue of a yeast enzyme with triose kinase activity ( [17] ). The triose phosphates resulting from "fructolysis" become substrates for gluconeogenesis, lipogenesis, or cellular respiration. Increased use of fructose-derived substrate for lipogenesis (both fattyacid synthesis and fatty-acid esterification into triglyceride) may largely account for the increases in plasma triglyceride concentrations after short-term, high fructose exposure. However, chronic fructose intake may trigger signaling events to further enhance lipogenesis as will be discussed in detail later.
Fructose-derived carbons are also stored in hepatic glycogen. A recent study assessing the pathways of glycogen synthesis in sucrose fed rats compared to regular chow fed rats found ~ 4-fold increase in the contribution of triose phosphates to glycogen synthesis which reflects the contribution of fructose [18] . Fructose, or specifically F1P, activates glucokinase (Gck), by promoting the release of Gck from Glucokinase Regulatory Protein (Gckr) in the nucleus [19, 20] . Thus, F1P can enhance G6P production from glucose which may further activate glycogen synthase, inhibit glycogen phosphorylase and further enhance glycogen deposition [21] .
Activation of Gck occurs with "catalytic" amounts of fructose: replacement of ~10% of a glucose load with fructose increased hepatic glycogen synthesis [22] , improved glucose tolerance, and reduced insulin secretion in normal subjects and patients with type 2 diabetes [23] .
KHK as a gatekeeper for fructose metabolism
Fructose per se is likely not a bioactive molecule; both the substrate-level and signaling effects of fructose require fructose metabolism. KHK catalyzes the first step in intracellular fructose metabolism ( Figure 1 ). This enzyme exists in two splice isoforms, the more widely expressed, but less active KHK-A, and a selectively expressed (liver, kidney, small intestine) but more biologically active KHK-C. Whereas ATP generated via glycolysis inhibits phosphofructokinase to limit further glycolytic flux [24] , KHK activity is not inhibited by ATP [25] . Additionally, fructose-derived triose phosphates enter the glycolytic pathway distal to phosphofructokinase. Thus, fructolysis will continue unabated, even when glycolysis is inhibited by positive cellular energy balance.
While KHK is essential for fructose metabolism, it is not essential for life. Homozygous loss-of-function mutations in KHK cause the benign human condition Essential Fructosuria, characterized by large and persistent increases in blood and urine fructose after sucrose or fructose ingestion [26] . Though data on these individuals is sparse, they appear to have no evidence of metabolic disease [26] .
To explore the roles of KHK isoforms in fructose metabolism and metabolic disease, Diggle and colleagues created two separate mouse strains lacking KHK-A alone (KHK-A −/− ) or both KHK isoforms (KHK-A/C −/− ) [27] . Preliminary phenotypic assessments did not find marked differences between KHK-A −/− or KHK-A/C −/− compared to wild-type mice, other than for a marked increase in plasma fructose concentrations in both knockout models. Body weight, plasma glucose, insulin and lipid concentrations were unchanged. However, significant differences emerged when these mice were challenged with a high-fructose diet (30% fructose water) [28] . The KHK-A/C −/− mice demonstrated fructosuria and gained less weight than wild type mice on a high-fructose diet. Fructose-fed KHK-A/C −/− mice had decreased adiposity, hepatic lipid content and serum cholesterol and insulin concentrations compared to fructose-fed control mice. In contrast, selectively knocking out the KHK-A isoform exacerbated the adverse metabolic phenotype associated with fructose feedingincreasing adiposity, hepatic lipid content and plasma insulin concentration [28] . KHK-A/ C −/− mice were also protected from steatohepatitis from chronic high fat (36% calories)/ high-fructose (30% calories) feeding [29] . These results suggest that fructose metabolism in tissues expressing KHK-C such as liver are required for fructose-induced metabolic disease, and ablating KHK-A may shunt fructose to tissues expressing KHK-C further exacerbating disease-associated processes like hepatic lipogenesis.
KHK may also regulate specific aspects of enterocyte fructose metabolism. Deletion of KHK diminished the increase in enterocyte GLUT5 expression in response to high-fructose feeding [30] . The mechanistic links between enterocyte fructose metabolism and regulation of GLUT5 and other genes remains obscure, though changes in cyclic AMP [31] , phosphatidylinositol 3-kinase [32] , and histone deacetylation of specific regions of enterocyte chromatin [33, 34] , have all been implicated. How KHK expression is itself regulated is also unclear, though some data suggest that chronic fructose feeding increases hepatic KHK expression, possibly due to the activity of the carbohydrate-sensing transcription factor, Carbohydrate-Responsive Element-Binding Protein (ChREBP) [35, 36] , or possibly cellular uric acid [37] .
Whereas glucose-derived, G6P has multiple potential metabolic fates including incorporation into glycogen or flux through glycolysis or the pentose phosphate pathway, F1P has a single fate -cleavage by Aldob to yield DHAP and glyceraldehyde ( Figure 1 ). Like KHK, Aldob is induced by feeding and chronic fructose exposure [38] , and also appears to be regulated by ChREBP [35, 39] . Deficiencies in Aldob result in Hereditary Fructose Intolerance characterized by energetic crises following fructose ingestion, with marked depletion of ATP and increases in uric acid, due to the action of purine salvage pathways [40, 41] . Aldob knockout mice fail to thrive on diets containing even small amounts of fructose and demonstrate marked toxicity when challenged with a high-fructose diet, with 100% mortality and marked liver damage [42] . Presumably, this toxicity is related to accumulation of F1P or some other fructose-derived metabolite. Interestingly, even on a fructose free diet, Aldob−/− mice develop some steatosis, potentially due to persistent toxic metabolic effects of aberrant metabolism of endogenously synthesized fructose [43] .
Chronic Fructose consumption activates a program of lipogenesis
To review the prior section, acute fructose ingestion contributes to lipid synthesis via the flux of fructose carbons into lipogenic precursors. However, we've also known for several decades that chronic fructose feeding can further enhance the capacity to metabolize fructose into lipid. Some of this adaptation may occur in the small intestine. As previously mentioned, chronic fructose exposure may increase enterocytes' capacity to absorb fructose by upregulating GLUT5, and may also enhance enterocyte lipid synthesis [44, 45] . However, the bulk of lipid synthesis from fructose likely occurs in the liver, where the activities of key enzymes regulating lipid synthesis, such as malic enzyme [46] , pyruvate dehydrogenase (PDH) [47] and fatty acid synthase (FASN) [48] , are clearly increased by chronic fructose exposure. The following sections will review some of the signaling mechanisms whereby chronic fructose consumption may promote hepatic lipid synthesis (Figure 2 ).
Sterol regulatory element-binding protein 1c (SREBP1c)
SREBP1c, a master regulator of lipid synthesis, is itself regulated by nutrients and hormones at the transcriptional and post-translational level. Additionally, via a feed-forward loop, SREBP1c increases its own transcription further amplifying a lipogenic stimulus. Chronic high-fructose feeding increases hepatic SREBP1c expression in rodents [49, 50] (Figure 2) . Insulin is considered to be a potent activator of SREBP1c, both by increasing mRNA expression and proteolytic processing of the SREBP1c precursor protein into a mature, nuclear transcription factor [51] . Insulin signaling also increases the activity of mechanistic target of rapamycin complex 1 (mTORC1) which may also regulate SREBP1c mRNA expression [52] and processing [53] . Thus, hyperinsulinemia induced by chronic fructose or sucrose feeding may be one factor that enhances SREBP1c activity and lipogenesis. But, fructose-induced activation of SREBP1c may be partly insulin-independent. Liver-specific insulin receptor knockout (LIRKO) mice still exhibit prandial activation of a lipogenic program including SREBP1c, when placed on a 60% high-fructose diet for 1-week, though the increases in lipogenic gene expression were attenuated in comparison to wild-type mice [54] . In contrast to wild-type mice, liver triglyceride content did not increase in fructose-fed LIRKO mice, suggesting that insulin action may be required for the development of fructose-induced hepatic steatosis. Thus, chronic fructose feeding may activate SREBP1c-mediated lipogenesis via insulin-signaling dependent and independent pathways.
ChREBP
ChREBP, also known as Mlx interacting protein-like (Mlxipl), like SREBP1c, is another master transcriptional regulator of lipogenic gene expression programs, and also regulates other metabolic programs including glycolysis [55] . ChREBP is highly expressed in key metabolic tissues including liver, adipose tissue, small intestine, pancreatic islets, and kidney and, as its name suggests, is activated by products of carbohydrate metabolism in an insulinindependent manner [36, 54, 55] . A specific role for ChREBP in regulating fructose consumption was suggested by the observation that ChREBP knockout mice were intolerant to diets containing fructose, but tolerant of diets containing dextrose [36] . Additionally, binding of ChREBP to its transcriptional targets as well as ChREBP-target gene expression was markedly higher in rats fed high-fructose compared to high-glucose diets [56] (Figure  2 ). High-carbohydrate diets have also been reported to increase hepatic expression of the novel, potent ChREBP-β isoform in mice, but a specific or selective effect of fructose has not yet been reported [57, 58] . The mechanisms by which carbohydrates and specifically fructose activate ChREBP remain controversial and may include allosteric activation by carbohydrate metabolites or post-translational modifications including phosphorylation, acetylation, and O-GlcNAcylation (reviewed in [59] ).
A role for ChREBP in human cardiometabolic disease is suggested from genome-wide association studies which show that single nucleotide polymorphisms in the ChREBP locus associate with multiple features of the metabolic syndrome, including serum triglyceride and HDL-cholesterol levels [60, 61] , elevated serum liver enzymes -a marker of fatty liver disease [62] , and hyperuricemia [63] . Erion and colleagues demonstrated that knocking down hepatic ChREBP using ChREBP targeted antisense oligonucleotides (ASOs) in highfructose fed rats lowers serum triglycerides and increases peripheral insulin sensitivity [35] . Intriguingly, though ChREBP ASO decreased the expression of lipogenic enzymes and de novo lipogenesis in fructose-fed rats, hepatic steatosis and hepatic insulin sensitivity did not improve. This discordance was attributed in part to a ChREBP ASO mediated reduction in the expression of microsomal triglyceride transfer protein (MTTP), a key enzyme in VLDL packaging and secretion. Notably, ChREBP ASO had minimal effects in high-fat fed rats [35] . These studies further substantiate ChREBP's role as a central regulator of hepatic lipid metabolism in response to carbohydrates.
A Sugar-Responsive ChREBP-FGF21 Signaling Axis
Fibroblast growth factor 21 (FGF21) is a recently discovered hormone produced primarily by key metabolic tissues including the liver and adipose tissue [64] [65] [66] which has numerous actions on glucose and lipid homeostasis [67] . Although originally identified as a circulating factor that mediates an adaptive response to fasting or starvation in rodents [64, 68, 69] , recent evidence indicates that FGF21 is regulated by ChREBP [39, 70] and also responds to fructose or sucrose consumption [71] . Dushay and colleagues recently demonstrated that fructose ingestion (75g) acutely and robustly increased circulating levels of FGF21 in humans, achieving a 4-fold increase within 2 hours [72] . This hormone-like FGF21 response to fructose is suggestive of a ChREBP-FGF21 signaling axis that may mediate an adaptive response to sucrose or fructose ingestion. Indeed, FGF21 may have a role in sugar preferences: exogenous FGF21 suppressed sweetened beverage consumption in mice and primates and FGF21 KO mice prefer sweet beverages [73, 74] . However, in humans, polymorphisms in the FGF21 locus that increase circulating FGF21 levels associate with increased, rather than decreased, carbohydrate consumption [75, 76] . Altogether these data support an emerging role for a ChREBP-FGF21 signaling axis as a regulator of sugar consumption, although more information is needed to complete our understanding.
Peroxisome proliferator-activated receptor gamma coactivator 1-beta (PGC1β)
SREBP1c and CHREBP regulated lipogenesis may be enhanced by other co-factors. PGC1β is a homolog of PGC1α [77] which, like PGC1α, increases the activities of many key transcription factors, such as peroxisome proliferator-activated receptor gamma (PPARγ), PPARα, estrogen related receptors (ERR), and liver X receptor (LXR) [78] . PGC1β is distinguished from PGC1α by its ability to potently bind to and transactivate SREBP1c [79] and ChREBP [80] . Nagai et al. used ASOs to decrease PGC1β expression in normal rats that were fed either a control chow or high-fructose diet, to assess the role of PGC1β in fructose induced lipogenesis [81] . While fructose feeding dramatically induced SREBP1c expression in comparison to regular chow, this was prevented by PGC1β ASO. PGC1 β ASO also prevented increases in adiposity, glycemia, and plasma insulin and triglycerides in fructosefed rats. The decrease in SREBP1c expression attenuated induction of lipogenic enzymes such as FASN, which in turn accounted for the decreased accumulation of di-and triacylglycerol within the livers of fructose-fed rats. Recently, Chambers et al. showed that PGC1β, but not PGC1α, also interacts directly with ChREBP, and that PGC1β is required for carbohydrate-mediated upregulation of ChREBP targets [80] . Thus, the effects of PGC1β on lipogenic gene expression may be mediated through coordinate regulation of both SREBP1c and ChREBP, and potentially other binding partners yet to be identified.
Other putative mechanisms have also been described to explain the activation of lipogenesis with chronic fructose exposure. For example, some have suggested that fructose exposure may activate the unfolded protein response (UPR) or ER stress pathway [82, 83] . Recent studies suggest that fructose feeding activates mTOR which may suppress autophagy, a cellular process that helps maintain cellular homeostasis in part by removing misfolded proteins [83] . This occurred quickly, 6-12h after mice were fed a 35% fructose diet. Chronic activation of the UPR may increase expression of lipogenic enzymes. For example, inositolrequiring transmembrane kinase/endonuclease 1 (IRE1)-X-box binding protein 1 (XBP1) axis of the UPR regulates lipogenesis, possibly to support ER membrane expansion [84] . IRE1 is responsible for atypical splicing of the XBP1 mRNA into XBP1s, which encodes a transcription factor. Increases in XBP1s protein expression is evident in mice fed a 60% fructose diet [82] and conditional deletion of XBP1 (XBP1Δ) decreased expression of s everal key lipogenic enzymes, reduced hepatic lipid accumulation and protected mice from hepatic insulin resistance [82, 85] .
Fructose and Insulin Resistance
High fructose feeding leads to insulin resistance. Stanhope et al. found that nine weeks of high-fructose feeding resulted in glucose intolerance and insulin resistance in humans [8] . Aeberli et al. fed a group of young volunteers diets supplemented with SSB's providing either an extra 40g (~9% total energy consumption) or 80g of fructose (~14% of total energy consumption), in comparison to 80g of glucose or sucrose, for three weeks [86] . Hepatic insulin resistance was only evident in the higher fructose fed group. Schwarz et al. fed eight healthy men an isocaloric weight maintaining diet for nine days in which they received either complex carbohydrate or fructose (25% of energy requirements) [9] . High fructose feeding increased lipogenesis and impaired insulin-mediated suppression of hepatic glucose production. Thus, when fructose intake is sufficient to stimulate lipogenesis, hepatic insulin resistance also develops.
The mechanisms linking hepatic steatosis and hepatic insulin resistance have been more thoroughly investigated in high-fat feeding paradigms. Short-term, high-fat feeding in rodents is associated with steatosis and marked hepatic insulin resistance without peripheral resistance [87, 88] . This is associated with increased hepatic fatty acyl CoA and diacylglycerol content without any change in muscle lipid. Studies examining the mechanisms of fat-induced muscle insulin resistance in rodents and humans suggested that diacylglycerol-mediated activation of a novel protein kinase C (PKC) isoform, PKC-θ, could interfere with insulin signaling [89] [90] [91] . PKCε is a novel PKC that is highly expressed in liver. PKCε is activated with hepatic steatosis and associated with hepatic insulin resistance in numerous rodent models and in humans [87, [92] [93] [94] . With diacylglycerol accumulation, PKCε activation impairs insulin receptor kinase (IRK) activation. While PKCε ASO treatment did not prevent hepatic steatosis in fat-fed rats, it did preserve hepatic insulin signaling [95] . Fructose feeding itself has been associated with diacylglycerol accumulation, PKC activation and impaired insulin mediated Akt2 activation [81, 85] (Figure 3) . However, fructose feeding may lead to insulin resistance through additional mechanisms. Coate and colleagues demonstrated that dogs fed a high-fat diet or high-fructose (17% of calories from fructose) diet for four weeks developed a similar degree of insulin resistance [96] . Both diets produced similar increases in body weight and plasma and liver triglycerides. High-fat feeding impaired insulin-stimulated Akt phosphorylation but the high-fructose diet did not. Instead, chronic high-fructose feeding markedly impaired Gck protein expression, Gck activity and glycogen synthesis. Though similar changes in Gck activity were also present in high-fat fed dogs, the extent was greater with high-fructose feeding (Figure 3) . Thus, mechanisms linking fructose metabolism to the development of insulin resistance may be distinct from diacylglycerol and PKCε mediated changes in insulin signaling.
Concluding remarks and future perspectives
Sugar has built empires and industries but now, sugar consumption threatens global health. Though controversy exists about the contribution of current fructose consumption to the rising prevalence of metabolic disease, several aspects are clear. Fructose is a lipogenic dietary sugar. The pathways governing its acute metabolism favor its rapid metabolism into the precursors used for lipid synthesis. Chronic high fructose consumption elicits a series of coordinated changes that further enhance the capacity for lipid synthesis from fructose. And, increases in hepatic steatosis and plasma lipid concentrations may contribute to insulin resistance and promote cardiovascular disease. The various mechanisms that underpin these adaptations may provide novel opportunities for therapeutic interventions.
Of course, behavioral changes could also help. Aerobic exercise may prevent some of the adverse metabolic consequences of a high-fructose diet. In a small study, subjects who exercised for four days while consuming a high fructose (30% total energy) diet were protected from fructose induced triglyceride synthesis. Reducing fructose intake is also critical. The American Academy of Pediatrics provides clear guidelines to limit juice and sweetened beverage intake in children [97] , and advocates limiting sales of sugar sweetened beverages (SSB) in schools [98] . Decreasing SSB has been shown to lead to weight loss in overweight children [99] . Mexico enacted a 1 peso/liter excise tax of SSB in 2013 and recent data has shown that this maneuver has decreased purchases of SSB [100] . However, similar legislation has failed to gain traction in the United States. Further research into the role of dietary fructose in the development of metabolic diseases and the mechanisms by which chronic fructose consumption leads to adaptive changes to further enhance lipogenesis are required, to better inform clinical investigators and policy makers. An informed, coordinated and comprehensive approach will provide the needed path out of our current epidemic and back to a healthy society.
Trends Box
Fructose comprises ~ 50% of the dietary sugars sucrose and high-fructose corn syrup, and when consumed in excess exacerbates cardiometabolic risk factors including dyslipidemia, fatty liver disease and insulin resistance.
Ketohexokinase (KHK) may be a therapeutic target. Complete knockout of all KHK isoforms prevents fructose-induced disease. In contrast, selective knockout of the ubiquitous, low-activity KHK-A isoform exacerbates fructose-induced disease, possibly by increasing flux through the KHK-C isoform expressed in key metabolic tissues, like liver.
Fructose contributes to lipogenesis and associated pathologies like steatosis, dyslipidemia, and hepatic insulin resistance both by providing substrate and coordinating expression of lipogenic enzymes via Srebp1c and ChREBP.
Limiting fructose intake and regulating fructose metabolism may represent a promising therapeutic strategy to reduce cardiometabolic risk factors.
Outstanding Questions Box

•
Consumption of large doses of fructose by humans and animals can rapidly increase cardiometabolic risk factors but whether fructose consumed in more typical quantities is a major contributor to epidemic of obesity and its associated comorbidities remains uncertain.
• Metabolism of fructose in tissues expressing KHK-C like liver, kidney, and small intestine appear to be important for fructose • Emerging evidence suggests that fructose-mediated activation of ChREBP regulates circulating FGF21 levels and that FGF21 regulates sugar consumption and sweet taste preferences. Does FGF21 contribute to an adaptive metabolic response to sugar consumption in other ways?
• High fructose feeding leads to hepatic insulin resistance and this may be in part mediated by fructose-induced accumulation of diacylglycerol which activates PKC and impairs insulin signaling. However, recent data suggests that fructose may induce hepatic insulin resistance by additional means. What are additional mechanisms by which fructose regulates hepatic glucose metabolism and hepatic insulin signaling? After acute consumption, fructose is efficiently metabolized by ketohexokinase (KHK) into fructose 1-phosphatase. Fructose 1-phosphate has only one pathy: cleavage by aldolase B (AldoB) into dihydroxyacetone phosphate (DHAP) and glyceraldhyde. The latter is phosphorylated by dihydroxyacetone kinase-2 (DAK) to provide glyceraldhyde 3-phosphate.
In contrast, glucose 6-phosphatae can be used for glycogen synthesis, glycolysis or enter the pentose phosphate pathway. The triose-phosphates formed from fructolysis (or glycolysis) can resynthesized into hexoses for glycogen synthesis or further metabolized into acetyl 
